For applications to extraordinary magnetoresistance ͑EMR͒ quantum well sensor design, the electron areal density n 2D , the mobility , and the products n 3D 1/2 2 and n 3D 1/2 5/2 are key physical parameters to be optimized for enhanced device sensitivity and signal to noise ratio. We model the electron areal density and carrier mobility in a two-dimensional electron gas layer developed in a ␦-doped AlInSb/ InSb heterostructure. The nonparabolic band structure due to the nature of the small energy band gap of InSb is accounted for. The detailed description of the energy dispersion and the energy dependent effective mass are obtained by the k · P method of band structure calculation. The transport properties are calculated by including contributions of scattering from ionized impurities, the background neutral impurities, the deformation potential acoustic phonons, and the polar optical phonons. We calculate the dependencies of n 2D , , n 3D 1/2 2 , and n 3D 1/2 5/2 on temperature, spacer layer thickness, doping density, and the quantum well thickness. This has important implications for EMR sensor design.
I. INTRODUCTION
Devices based on magnetoresistance ͑MR͒ effects have received considerable interest over the past several years. 1 Recently, Solin et al. observed the extraordinary magnetoresistance ͑EMR͒ effect in metal-semiconductor hybrid structures ͑MSHs͒ and obtained a huge MR value in excess of both the giant MR ͑GMR͒ and colossal MR ͑CMR͒ effects. 2, 3 They investigated EMR devices using both a modified van der Pauw ͑vdP͒ disk geometry with a nonmagnetic metal concentrically embedded in the bulk semiconductor disk 2, 4 and a rectangular geometry with the metal shunted on one side of the bulk semiconductor. 3 For an InSb/ Au vdP disk device, values of the room temperature EMR as high as 100%, 9100%, and 750 000% were obtained for magnetic fields of B = 0.05, 0.25, and 4 T, respectively. 2 A room temperature EMR of 550% was obtained at 0.05 T with the externally shunted rectangular device. 3 Generally, the magnetoresistance of a nonmagnetic semiconductor device consists of two contributions, the geometric MR and the physical MR. 4 In the zero bias large signal but still low field limit, ⌬H Ӷ 1, the EMR of a vdP disk MSH can be written as 5, 6 EMR͑⌬H,␣͒ = G͑⌬H,␣͓͒⌬H͔ 2 .
͑1.1͒
Here, is the mobility of the dominant carrier in the semiconductor corresponding to the physical factor, G͑⌬H , ␣͒ is the geometric factor, and ⌬H is the applied field. Also, ␣ is the filling factor given by the ratio of the radius of the embedded metal disk to the radius of the semiconductor disk. The geometric EMR is due to the shape of the device, the position of the voltage and current probes, and to the filling factor ␣ which is a key parameter for the enhancement of geometric EMR. 2, 5 The physical EMR is due to the intrinsic physical properties of the semiconductor ͑e.g., carrier mobility and carrier concentration͒. Clearly, from Eq. ͑1.1͒, high mobility materials such as InSb are prime candidates for EMR devices. Accordingly, InSb was chosen as a material not only because of its high intrinsic mobility, narrow band gap, and small effective mass but also because it is used as a commercial MR sensor.
For a number of magnetic sensor applications such as read-head sensors in high-density disk drives, the sensor should be positioned as close as possible to the source of the magnetic field and be as thin as possible in the field direction so that it can obtain very high sensitivity and spatial resolution. However, with the reduction of the thickness of a bulk InSb layer grown on GaAs, the mobility decreases drastically from ϳ5 ϫ 10 4 cm 2 / V s for thick films ͑Ͼ1.0 m͒ to 0.1 cm 2 / V s for thin films ͑Ͻ0.1 m͒. 5, 7 To overcome this problem, one possible solution is to use a thin-film AlInSb/ InSb quantum well heterostructure instead of bulk InSb to provide an ultrathin, high carrier mobility active region that is required for high sensitivity in EMR and other devices. For a Si-doped InSb quantum well, enhanced mobilities as high as 4.1ϫ 10 4 cm 2 / V s at room temperature, 8 2.09ϫ 10 5 cm 2 /V s at 77 K ͑Ref. 8͒, and 2.8 ϫ 10 5 cm 2 /V s at 7 K ͑Ref. 9͒ have been reported. Moreover, a room temperature EMR of 6% and current sensitivity of 147 ⍀ / T at a relevant field B = 0.05 T and a bias of 0.27 T ͑Ref. 6͒ were obtained from a nanoscopic EMR sensor based on a similar quantum well structure with carriers inside the well having a mobility of 2.3ϫ 10 4 cm 2 /V s. 6 While MR is a signature of device performance, the signal to noise ratio ͑SNR͒ is the real figure of merit, and for an EMR device the carrier concentration also plays a significant role. In the case where the effective resistance is quadratic with field ͓e.g., Eq. ͑1.1͔͒, the SNR can be written in the following form:
͑1.2͒
where I in is the input current, V is the input voltage, L is the spacing of the current leads, s is the dimensionless Hooge parameter, 11 e is the electron charge, f is the operating frequency, l is the spacing of the voltage leads, ⌬f is the detection bandwidth, k B is Boltzmann's constant, T is temperature in Kelvin, R out is the two terminal resistance between the voltage probes including the contact resistance at the interface between the voltage probes and the device, E = V / L is the bias electric field, n 3D is the carrier ͑electron͒ density, and wt is the cross sectional area for bias current flow. The first term in the denominator is the 1 / f noise while the second term is the thermal noise. In the 1 / f noise and thermal noise regimes, the SNR's increase as n 3D 1/2 2 and n 3D 1/2 5/2 , respectively. Therefore, it is advantageous to maximize these products for the two frequency regimes of interest.
Theoretical simulations to optimize the geometry of an EMR device for maximal EMR sensitivity have been carried out using finite element methods. 3, 12, 13 They were in good agreement with the experimental measurements. The effect of carrier concentration and mobility on R, dR / dH, and 1/RdR / dH were studied but SNR values were not addressed.
14 In this paper, we focus on the physical properties in order to elucidate their impact on both sensitivity and SNR. As a model system we treat the two-dimensional AlInSb-InSb quantum well structure and optimize the carrier mobility and concentration for maximal EMR sensitivity ͑ϰ͒ and SNR ͑n 3D 1/2 2 and n 3D 1/2 5/2 ͒. We calculate the dependence of , electron areal density n 2D , n 3D 1/2 2 , and n 3D 1/2 5/2 on the spacer layer thickness d s , quantum well thickness d w , temperature T, and the doping density N d in a delta-doped layer in the barrier. The use of delta doping with a spacer layer leads to a very large mobility for the carriers. The energy dependence of the effective mass of InSb and nonparabolic effects due to the narrow band gap are quantitatively addressed.
In the following, in Sec. II, we describe the calculation of the energy dispersion, the energy dependence of the effective mass, and the electron areal density using the k · P model. In Sec. III, we evaluate the carrier mobility by determining the lifetimes for scattering from the impurities and from phonons. Concluding remarks are relegated to Sec. IV.
II. SOLVING THE SCHRÖDINGER AND POISSON EQUATIONS
We provide an outline of the method to solve the electronic states in the EMR active region with a single AlInSb/ InSb quantum well structure as shown schematically in Fig. 1 . We write the Schrödinger equation in the k · P approximation. 15, 16 ͓H k·p ͑z͒ + V o ͑z͒ + V ch ͑z͔͒f͑z͒ = Ef͑z͒.
͑2.1͒
In the k · P Hamiltonian H k·p , we include the conduction ͑c͒, heavy-hole ͑hh͒, and light-hole ͑lh͒ bands; we neglect the spin-orbit split-off ͑so͒ band because the spin-orbit split-off energy, ⌬, of InSb ͑0.81 eV͒ is sufficiently larger than the energy gap E g ͑0.235 eV͒ so that the effect of the so band on the c band state is small. The six-band Hamiltonian in the k · P model including c, hh, and lh bands can be obtained by truncating the standard 8 ϫ 8 k · P Hamiltonian that usually includes all the four bands. 17 This 6 ϫ 6 Hamiltonian has twofold Kramer's degeneracy, and we further reduce it to a 3 ϫ 3 matrix by block diagonalization 18 in order to reduce the computational time in the Schrödinger-Poisson selfconsistent calculation. In Eq. ͑2.1͒, V o ͑z͒ is the band offset potential, and f͑z͒ is the three-component envelope function. We compared the multiband block diagonalized 3 ϫ 3 k · P Hamiltonian with the bulk InSb conduction band dispersion using a one-band model that accounts for the nonparabolicity by
and found that the one-band model ͓Eq. ͑2.2͔͒ is inadequate to describe the very nonparabolic InSb conduction band dispersion. In Eq. ͑2.2͒, E co is the conduction band edge energy, ប is the Planck constant divided by 2, m * is the effective mass, and ␥ is the nonparabolicity parameter. The potential energy V ch ͑z͒ in Eq. ͑2.1͒ is due to the ionized donors and free electrons transferred into the well, and is governed by
where ͑z͒, D , and n are the permittivity, and charge densities due to ionized donor and free electrons, respectively. D ͑z͒ is given by
where N D ͑z͒ is the donor density which is nonzero in the ␦-doped layer, E D ͑z͒ is the donor level, and E F is the Fermi level. On the other hand, n ͑z͒ is obtained by integrating over the conduction states
͑2.5͒
where E͑k ʈ ͒ and f k ʈ ͑z͒ are the eigenenergy and envelope function at the in plane wave vector k ʈ . The in plane dispersion E͑k ʈ ͒ is obtained numerically by solving Eq. ͑2.1͒ at different values of k ʈ , and the density of states D͑E͒ is obtained numerically from the dispersion. The alteration of the bulk InSb band gap caused by the strain of the in plane lattice mismatch is ignored, because, for the small alloy compositions x ϳ 0.15 to be addressed here, the lattice mismatch of Al 0. 15 In 0.85 Sb to InSb is small ϳ0.65%. 3, 9, 20 Moreover, for the sample designs to be considered here ͑see Fig. 1͒ , a thicker strained InSb/ AlInSb superlattice and an AlInSb buffer layer are inserted between the quantum well and the semi-insulating GaAs substrate to provide full lattice relaxation, dislocation filtering, and surface smoothing. 8, 9 Since V ch ͑z͒ in the Schrödinger equation ͓Eq. ͑2.1͔͒ is obtained from the Poisson equation ͓Eq. ͑2.3͔͒ and E D ͑z͒, E͑k ʈ ͒, and f k ʈ ͑z͒ in the source terms ͓Eqs. ͑2.4͒ and ͑2.5͔͒ of the Poisson equation are given by the Schrödinger equation, these two equations should be solved self-consistently. Both equations are solved by the finite element method 21 and the details of the Schrödinger-Poisson self-consistency calculations can be found in Ref. 13 . In general, the Fermi level E F in Eqs. ͑2.4͒ and ͑2.5͒ is determined by the charge neutrality condition
͑2.6͒
In our calculation we varied E F as an input parameter and chose a value by a root-finding method that satisfies Eq. ͑2.6͒.
The input k · P parameters and the band offset for InSb and AlSb are taken from Ref. 22 , and those for Al 0. 15 In 0.85 Sb are obtained by a linear interpolation, except for the energy band gap for which a bowing is considered 23 ,24
where C is the bowing parameter. The temperature dependence of the band gap is included by using the empirical Varshni equation,
where ␤ 1 and ␤ 2 are the usual Varshni parameters. 22 The final band structure is also temperature dependent through temperature appearing in the Fermi factors in Eqs. ͑2.4͒ and ͑2.5͒. The effective mass and nonparabolicity factor to be used in the mobility calculation in Sec. III below are calculated by fitting the numerically obtained in plane dispersion E͑k ʈ ͒ along the ͓100͔ direction in the range k ʈ ഛ 0.01 cm −1 to Eq. ͑2.2͒. Since E͑k ʈ ͒ is temperature dependent, so are m * and ␥.
III. CALCULATION OF THE MOBILITY
The dominant scattering mechanisms for bulk III-V compounds are now well established. [26] [27] [28] We calculated the nonparabolic band transport mobility modifying the existing theory [26] [27] [28] for a parabolic band by the replacement of effective mass m
The values of m * ͑E͒ are somewhat higher than for the bulk material. This is commonly attributed to the nonparabolicity of the conduction band. 30 The carrier mobility is governed by scattering mechanisms that control the scattering time associated with each scattering process in a two-dimensional electron gas ͑2DEG͒. 31 The energy dependence of the effective mass manifests itself in the various transport coefficients. The scattering rates calculated with each scattering mechanism are combined to determine the resultant mobility. In our calculations, we have included these mechanisms in the context of 2D scattering.
At low temperature, the scattering mechanism is dominated by the ionized donors. In a ␦-doped structure with a spacer layer, the ionized donors and the 2D electrons are spatially separated, thereby minimizing the scattering. We assume that the electron gas is highly degenerate and that the scattering occurs only with electrons near the Fermi level. The transport scattering rate for a purely 2D electron gas, neglecting the electronic wave function normal to the plane of the 2D gas, is derived from the Fermi golden rule, 32,33
where n 2D is the impurity areal density, kЈ = k + q, and Ṽ ͑q͒ = ͐V͑r͒e −iq·r d 2 r is the Fourier transform of the scattering potential.
Considering the screening by the Thomas-Fermi approximation, the screened potential is Ṽ ͑q͒ = ͑e 2 /2 0 r ͒e −q͉d͉ / ͓q + q TF ͔, where q TF = m * ͑E͒e 2 /2ប 2 r is the screening wave vector. The scattering rate for remote impurities can be obtained by putting k = k F and can be written in terms of q as
which depends on the nonparabolic 2D density of states g͑k F ͒, where k F is the Fermi wave vector. 34 It has been found that the effect of band nonparabolicity is to lower the mobility. 35 The contribution to the mobility from ionized impurity scattering is essentially dependent on temperature through the nonparabolic effective mass. 36 The background density of neutral impurities is usually very small as compared with ionized impurities with thin spacer layer thickness. But when the thickness of the spacer layer is very large, the effect of remote ionized impurities is reduced and the background neutral impurity scattering becomes important. The rate for scattering from the background neutral impurities with a density concentration of
͑3.3͒
The scattering potential also takes account of screening with the Thomas-Fermi dielectric function.
37
Phonons dominate scattering at high temperature, typically above 60 K. 38 The most important phonon scattering processes in general are ͑i͒ deformation potential acoustic phonon scattering, ͑ii͒ polar-optical-phonon scattering, and ͑iii͒ piezoelectric scattering. 39, 40 For InSb, the piezoelectric scattering does not usually play an important role. 41 We will therefore not consider it here. We consider the electrons to be quasi-two-dimensional while the phonons remain quasithree-dimensional, in which approximation the perturbing potential has a spherical symmetry. 32 For the sake of simplicity, we assume that in the ideal case we have bulk phonons.
For an electron interacting with acoustic phonons, −1 is given by 32, 38, 42, 43 
͑3.4͒
where ប 0 is the optical-phonon energy, ⌶ is the deformation potential,
−1 , and and v s are the mass density and the velocity of sound, respectively. In the elastic limit ͑ប 0 Ӷ ␣ ͒ at high temperatures, we can use the nondegenerate limit of the Bose distribution N 0 +1ϳ N 0 ϳ k B T / ប 0 . This approximation means that the rates for emission and absorption of longitudinal optical ͑LO͒ phonons are nearly equal. By using the density-of-states form of Fermi's golden rule, we can obtain a more simplified and direct result. Thus the scattering rate reduces to
Polar phonon scattering describes the scattering of electrons due to their interaction with longitudinal optical branches of the lattice vibrations which polarize the crystal by a polar type of interaction. 44 The scattering rate by polar optic phonons is given by 38,39
with 1 / p = ͑1/ ϱ ͒ − ͑1/ r ͒, with ϱ being the high frequency dielectric constant and r being the static dielectric constant. By using the density-of-states form of Fermi's golden rule again, we can obtain a more simplified and direct result,
where k 0 = ͱ 2m * ͑E͒ 0 / ប. The total mobility = e͗͘ / m * ͑E͒ is given by computing the mobility for each scattering process and adding the reciprocal mobility for each process according to Matthiessen's rule.
At high temperature, the relation may not be valid due to the limited applicability of degenerate statistics. 36 However, for temperatures higher than 60 K the scattering in the 2DEG is dominated by the phonon scattering processes. The approximation has a negligible effect on the combined electron mobility. Therefore we still can use Matthiessen's rule to estimate the combined mobility.
IV. RESULTS AND DISCUSSION
We studied the EMR active region with the Al 0. 15 In 0.85 Sb-InSb system. We calculated the band profile only up to 200 K, above which the solution of the Schrödinger equation for large values of the in plane wave vector led to spurious states giving wrong contributions to the density of states. ͑It is not clear at this point if these spurious states are associated with the block diagonalization.͒ If we used an 8 ϫ 8 matrix instead of the reduced matrix, the computation time for each data point increased dramatically and unacceptably. Some relevant parameters used in the calculation are given in Table I . The other material parameters employed here have been obtained from Ref. 22 .
In Fig. 2͑a͒ , the calculated electron mobilities in the range of 1 -200 K are given. The components of the mobility contributing to the total mobility are also presented. In Fig.  2͑a͒ , with temperature decreasing from 200 to ϳ 40 K, the carrier mobility increases with the expected T −1 dependence, which is attributed to phonon scattering, and does not vary substantially below 20 K. This is in contrast to the bulk semiconductor, for which the mobility peaks in this temperature range. This is due to the fact that at low temperature, the electron mobility is limited by ionized impurity scattering while the phonon-limited scattering is negligible. On the other hand, at high temperature LO polar-optical-phonon scattering is the dominant scattering mechanism and at intermediate temperature, the deformation potential acoustic phonon scattering also plays an important role which shows closely a linear dependence of T. The inset of Fig. 2͑a͒ shows that the areal electron density inside the well decreases with temperature. We know that for the EMR sensor application, high electron density determines the SNR and conductivity and it is as important as the need for high electron mobility. According to Eq. ͑1.2͒, the thermal noise also depends on temperature; we have therefore plotted n 3D 1/2 2 and n 3D 1/2 5/2 T −1/2 in Fig. 2͑b͒ . The SNR ͑n 3D 1/2 2 and n 3D 1/2 5/2 T −1/2 ͒ decreases rapidly at high temperature and remains almost constant at low temperature.
The purpose of a ␦-doped heterostructure is to separate the 2DEG from the parent ionized donors, thereby limiting ionized impurity scattering from the remote doping centers. 45 This consideration indicates that increasing the spacer width will optimize mobility. However, an increase of spacer layer thickness leads to a decrease in the electron areal density n 2D in the 250 Å quantum well as shown in Fig. 3͑a͒ at 0 and 40 K. Figures 3͑b͒ and 3͑c͒ show that an increase in the spacer thickness leads to an increase in the combined mobility, reaching mobilities of 2.7ϫ 10 7 cm 2 /V s at 0 K and 3.9ϫ 10 6 cm 2 / V s at 40 K at a spacer width of 1000 Å. At 0 K, the ionized impurity scattering provides the dominant contribution to the combined mobility. At intermediate temperature ϳ40 K, the LO phonon scattering is dominant, and the acoustic phonon scattering also contributes to the total mobility. The SNR's ͑n 3D 1/2 2 and n 3D 1/2 5/2 ͒ at 0 and 40 K are also shown in Fig. 3͑d͒ , with the former increasing with spacer layer thickness. At 0 K, the SNR's ͑n 3D 1/2 2 and n 3D 1/2 5/2 ͒ are larger than at 40 K. For the study of the well width dependence, we considered the system with a constant spacer layer thickness of 800 Å. Figure 4͑a͒ shows the calculated mobility and electron areal density n 2D at 0 K as a function of the well width. The electron areal density n 2D increases with well thickness and does not vary substantially at larger well width. That is because with more electrons entering the well, k F increases, which leads to the mobility increasing with k F . According to 
FIG. 2.
The temperature dependence of the electron mobility. ͑a͒ The curves show the calculated mobility with scattering due to the remote ionized impurities with a sheet density of 2 ϫ 10 11 cm −2 . The spacer layer thickness and well thickness are 800 and 250 Å, respectively. The background impurity density is assumed to be 5 ϫ 10 15 cm −3 . The inset shows the areal electron density varies with temperature. ͑b͒ The temperature dependence of the SNR in the 1 / f noise ͑n 3D 1/2 2 ͒ and thermal noise ͑n 3D 1/2 5/2 T −1/2 ͒ limit.
FIG. 3. ͑a͒
The dependence of electron areal density n 2D on the spacer layer thickness. ͑b͒ The dependence of the electron mobility on the thickness of the spacer layer. The calculation is performed at T = 0 K for a well width of 250 Å. The background impurity density is assumed to be 5 ϫ 0 15 cm −3 . ͑c͒ The dependence of the electron mobility on the thickness of the spacer layer. The calculation is performed at T = 40 K for a well width of 250 Å. ͑d͒ The dependence of SNR in the 1 / f noise ͑n 3D 1/2 2 ͒ and thermal noise ͑n 3D 1/2 5/2 ͒ limits on the spacer layer thickness.
Eq. ͑1.2͒, the SNR depends on well width not only directly but also implicitly through n 2D = n 3D w. Therefore we plot in and n 3D 1/2 5/2 ͒ varying with well thickness in a manner similar to that shown in Fig. 4͑a͒ .
In Fig. 5͑a͒ the calculated values of component mobility and electron areal density n 2D are given as a function of N d . At 0 K as the remote impurity density increases, the mobility increases. The increase of the mobility shown in Fig. 5͑a͒ is due to the presence of the k f factor in Eqs. ͑3.2͒ and ͑3.3͒ that accounts for the remote ionized impurity and background impurity contributions. Figure 5͑b͒ shows that the SNR ͑n 3D 1/2 2 and n 3D 1/2 5/2 ͒ also increases with increase of the doping density. However, there is a crossover, at a doping density of ϳ1.5ϫ 10 11 cm −2 , in the rate of increase in SNR with doping density.
There are three major factors that affect the accuracy of our calculation.
͑1͒
The accuracy of the band parameters used in the calculation: In the calculation of the temperature dependence of the band parameters, we only took into account the temperature dependency of E g and ignored the temperature dependency of the other k · P parameters. While the focus on the temperature dependence of E g is reasonable, the other parameters may not be constant. However, there are no available data to include this temperature dependence. The effective mass and the nonparabolicity obtained by fitting the in plane dispersion depend on which portion of the dispersion is used. This is inevitable in trying to fit the highly nonparabolic in plane dispersion of AlInSb/ InSb quantum well by Eq. ͑2.2͒ which contains only terms up to k 4 . We used the range k ʈ ഛ 0.01 cm −1 which is the typical range where electrons states are occupied. A more important error source is ⌶. For InSb, several values of the deformation potential ͓7.2, 46,47 14.6, 35,48 and 30 eV ͑Ref. 49 and 50͔͒ have been quoted in the literature. Since the acoustic phonon contribution to the mobility is inversely proportional to ⌶ 2 , these different ⌶ values can lead to a large difference in the acoustic phonon scattering contribution to the mobility. We used a value of 7.2 eV for ⌶ in InSb in our calculation. This was obtained by Ehrenreich 44 and Dutta et al. 47 and was shown to agree well with the experimental results. The different values of the deformation potential only scale the combined scattering mechanism significantly below intermediate temperature and only affect the value and not the trend, as shown in Fig. 6 . This is due to the fact that the mobility is dominated by the ionized impurity scattering at low temperature, by the ionized impurity scattering and acoustic phonon scattering at intermediate temperature, and is limited by LO phonon scattering at high temperature. ͑2͒ The approximations used in the calculations of band structure: Theories of 2D electrons in the narrow band gap InSb systems are focused on the effects of the nonparabolic energy band by using Kane's model. 51 Kane's approach applies only to a narrow band gap semiconductor at 0 K. In the above calculation, we assume that this model is still valid even when the band gap is modified by temperature. The spin split-off band is neglected since the spin-orbit split-off energy is much larger than the band gap of InSb. We also neglected the many-body effects such as exchange and correlation. ͑3͒ The approximations used for the scattering mechanisms:
We modified the usual theory for parabolic bands by the replacement of the effective mass m * by m * ͑E͒ = ប 2 ‫ץ͓‬ 2 E / ‫ץ‬k 2 ͔ −1 and the 2D electron density of states g = m * / ប 2 ͑at T =0 K͒ by the nonparabolic 2D density of states g͑k͒ = ͐␦͑ k − k Ј ͒d 2 kЈ. In a quantum well heterostructure made of polar materials such as InSb, the coupling between nonpolar optical phonons and electrons is found to be weak when the electrons have wave functions of s symmetry, so the scattering caused by the non polar phonons is negligible. 38, 44 The alloy-disorder scattering by free carriers was neglected in this calculation. Interface ͑or surface͒ roughness scattering is another scattering mechanism which has been found to be important in thin quantum wells, 52 playing a significant role only at high electron concentrations 30 and thin quantum wells ͑d W Ͻ 60 Å͒. 53 When the first excited subbands become filled with electrons, there will be interface scattering, which would also reduce the mobility. 54 In conclusion, we have presented theoretical calculations to optimize the carrier mobility and concentration for maximal EMR sensitivity ͑ϰ͒ and SNR ͑n 3D 1/2 2 and n 3D 1/2 5/2 ͒ in an EMR device with a ␦-doped AlInSb/ InSb single quantum well heterostructure. Here, the k · p theory was used to calculate the energy dispersion and areal electron density. The important scattering mechanisms, such as ionized impurity scattering, background neutral impurity scattering, deformation potential acoustic phonon scattering, and polar phonon scattering, were considered. Due to the small band gap of InSb, the nonparabolicity effect was strong. The effective mass, nonparabolicity factor, and the 2D density of states of the AlInSb-InSb quantum well system were obtained numerically from the in plane dispersion.
Within the limits discussed above, we calculated the mobility, areal electron concentration n 2D , and SNR ͑n 3D 1/2 2 and n 3D 1/2 5/2 T −1/2 ͒ over a broad temperature range ͑0 -200 K͒ and doping density ͓͑10 10 -2.5͒ ϫ 10 11 cm −2 ͔. At low temperature, the dominant scattering mechanism is ionized impurity scattering which is found to be independent of temperature in this regime. In the AlInSb/ InSb system, the mobility due to ionized impurity scattering increases with decreasing temperature, reaching a limiting value of about 2.8ϫ 10 7 cm 2 / V s for a thicker well and larger spacer at low temperature ͑0 K͒. At a temperature around 40 K, optical phonons begin to limit the mobility which varies as T −1 at high temperature. Furthermore, we have analyzed the effect of spacer width and well width variation in optimizing the SNR ͑n 3D 1/2 2 and n 3D 1/2 5/2 ͒ and SNR ͑n 2D 1/2 2 and n 2D 1/2 5/2 ͒ of the EMR sensor, respectively.
